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ABSTRACT 


Sho  r  t  -  per  io<i  beams  were  formed  for  twenty-four  events 
recorded  at  both  the  LASA  and  TFO  arrays.  The  mean  rms  noise 
in  the  frequency  range  0. 4-3.0  Hz  for  the  LASA  beams  was 
0.10  my,  and  for  the  TFO  beams  0.13  my.  Noise  reduction  by 
beam  formation  in  the  range  0.4-3. 0  Hz  varied  from  17  to 
23  db  for  LASA,  from  12  to  18  db  for  the  37-sensor  TFO  array, 
and  from  t>  to  14  db  for  the  19-sensor  TFO  subarray.  Averaging 
over  several  source  regions  in  the  distance  range  25  <A<90  , 
the  signal - to-noise  ratio  for  LASA  was  about  1  db  better 
than  that  of  TFO  for  common  events.  The  improvement  in 
s ignal - to  -  no ise  ratio  for  LASA  beams  was  found  to  increase 
4  db  by  changing  the  number  of  sensors  employed  in  the  beams 
from  48  to  340  while  keeping  the  minimum  sensor  spacing  A>1  km 
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INTRODUCTION 


During  the  last  five  years  a  series  of  studies  have 
been  made  to  evaluate  the  performance  of  the  LASA  short- 
period  array.  In  particular,  the  effectiveness  of  simple 
beams  in  improving  the  signal-to -noise  ratio  (s/n)  has  been 
determined  using  the  original  LASA  short-period  configuration 
with  525  sensors  (Chiburis  and  Hartenberger ,  1966a,  1966b, 
1967).  The  improvement  in  signal-to-noise  ratio  found  in 
these  studies  for  LASA  is  15  to  18  db  in  the  frequency  range 
0.4  to  3.0  Hz,  with  a  noise  reduction  of  18  to  21  db.  The 
rms  noise  level  was  determined  to  average  0.2  my  for  the 
beams.  Several  studies  have  also  been  conducted  on  the  beam¬ 
forming  capabilities  of  the  37  element  TFO  short-period  array 
(Clark,  1968;  Phillips  and  Kelley,  1968).  Values  of  11  to 
12  db  improvement  in  signal-to-noise  ratio  and  noise  reduction 
values  in  the  range  10  to  13.7  db  were  obtained  in  these 
studies.  More  recently  comparison  of  film  data  from  the  LASA 
and  TFO  Kuril  Island  beams  has  been  made  (Clark,  1970),  in 
which  it  was  determined  that  the  detection  capability  of  the 
two  arrays  is  approximately  equal  for  events  in  the  Kuril 
Islands  region. 

The  purpose  of  the  present  study  is  to  compare  the 
performance  of  simple  beamforming  of  the  LASA  and  TFO  short- 
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period  arrays  using  a  set  of  world-wide  events  which  were 
recorded  by  both  arrays.  For  three  of  these  events,  beams 
using  the  full  LASA  short-period  array  were  compared  with 
beams  from  the  full  TFO  short-period  array.  For  an  additional 
21  events,  approximately  19  TFO  short-period  elements  were 
employed  to  construct  beams  which  were  compared  with  the 
beams  from  the  full  LASA  short-period  array.  Short-period 
beams  for  five  events  were  also  computed  using  only  18  or  19 
sensors  of  both  the  LASA  and  TFO  arrays.  These  beams  were 
then  compared  and  evaluated.  Finally,  an  analysis  was  made 
of  the  LASA  short-period  beams  as  a  function  of  the  number 
of  sensors  used  to  form  the  beams. 
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ANALYSIS  OF  LASA  AND  TFO  BEAMS 


In  the  analysis  of  simple  beamforming  of  LASA  and  TFO 
short-period  array  data,  the  signal  amplitude  was  defined 
as  one-half  of  the  absolute  value  of  the  largest  peak-to-peak 
amplitude  in  the  first  ten  seconds  of  the  signals.  The  rms 
noise  amplitude  was  measured  in  a  time  sample  40  seconds 
long,  preceding  the  arrival  time  of  the  P  phase  for  the  event 
being  processed.  Signal-to-noise  ratio  is  defined  as  the 
ratio  of  signal  amplitude  to  rms  noise  amplitude.  The  mean 
of  the  signal  amplitudes,  the  mean  of  the  S/N  values,  and 
the  mean  of  the  rms  amplitude  of  the  noise  were  computed 
using  all  traces  included  in  each  beam.  In  the  tabulations 
below,  these  quantities  are  listed  under  the  column  heading 
"Mean".  For  the  beams,  signal  amplitudes  and  S/N  values 
were  computed;  these  are  tabulated  under  the  column  heading 
"Sum";  the  rms  amplitude  of  the  noise  was  determined  and  is 
presented  under  the  column  heading  "rms".  The  improvement 
in  signal-to-noise  ratio  (in  db)  of  the  beam  over  the  mean 
signal-to-noise  ratio  on  the  individual  traces  is  defined  as. 


20 


.  ( S/N  ratio  for  the  beam  _ ] 

AoglMean  S/N  ratio  over  an  traces  xn  oeam /. 
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The  short -period  instruments  of  the  LASA  and  TFO  arrays 
were  used  to  form  beams  for  twenty-four  events.  The  source 
parameters  of  these  events  are  listed  in  Table  I,  and  the 
epicenters  are  shown  in  Figure  1.  The  amplitude  data  for  the 
individual  traces  and  the  beams  are  given  in  Table  II  for 
the  case  where  all  traces  have  been  initially  band-pass 
filtered  0.4  to  3.0  Hz.  The  band-pass  filter  response  is 
shown  in  Figure  2.  Travel  time  anomalies  (Chiburis,  1968) 
were  used  in  forming  the  LASA  beams. 

The  mean  rms  noise  amplitudes  for  LASA  and  TFO  are  shown 
in  Figure  3.  The  mean  rms  noise  amplitudes  for  LASA  range 
from  1.0  to  2.4  mp ,  while  most  of  the  TFO  mean  rms  noise 
amplitudes  fall  between  0.3  and  0.7  mp. 

The  noise  reduction  at  LASA  and  TFO  by  beam  formation 
is  shown  in  Figure  4.  Noise  reduction  of  between  17  and  23 
db  (with  a  mean  of  20.0  db)  is  attained  by  the  LASA  beams. 
Using  approximately  19  sensors,  the  noise  reduction  of  the 
TFO  beams  ranges  from  6  to  14  db  with  a  mean  of  10.0  db. 

For  the  full  TFO  array,  noise  reduction  values  of  11.8  db, 

14.7  db  and  17.7  db  (giving  a  mean  of  14.7  db)  were  obtained. 
These  values  at  TFO  compare  with  the  noise  reduction  values 
for  the  full  array  of  10  to  13  db  found  by  Clark  (1968)  and 

13.7  db  at  1.0  Hz  determined  by  Phillips  and  Kelley  (1968). 
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The  mean  rms  noise  amplitudes  on  the  LASA  and  TFO  beams  are 
thus  0.16  mu  and  0.13  mu  respectively.  A  previous  study  of 
LASA  short-period  beams  (Chiburis  and  Hartenberger ,  1967) 
found  a  mean  rms  noise  amplitude  of  0.2  mu  for  41  events  using 
525  sensors. 

Improvement  in  signal-to-noise  . ratio  for  the  LASA  and 

TFO  beams  is  given  in  Figure  5.  LASA  beams  provide  13  to  19  db 

improvement,  while  TFO  beams  give  only  4  to  13  db  improvement 

for  approximately  19  sensors,  and  11  to  15.5  db  improvement 

for  the  full  array.  Clark  (1968)  found  the  beamforming 

improvement  in  signal-to-noise  ratio  for  the  full  TFO  array 

to  be  between  11  to  12  db  for  four  events;  and  Phillips  and 

Kelley  (1968)  obtained  12  db  improvement  at  frequencies  near 

1.0  Hz.  The  improvement  in  signal-to-noise  ratio  minus  the 

theoretically  expected  n1^2  improvement  is  shown  in  Figure  6. 

TFO  beams  can  be  seen  to  range  from  1  db  better  to  about  8  db 

worse  than  the  theoretically  expected  improvement.  The  LASA 

1/2 

beams  are  from  6  db  to  12  db  down  from  n  values. 

The  ratio  of  the  signal-to-noise  ratio  for  the  TFO  beam 
to  the  signal-to-noise  ratio  for  the  LASA  beam  was  computed 
for  each  of  the  twenty-four  events  processed.  These  ratios 
are  presented  in  Figures  7  and  8.  The  Gutenberg  "B"  factors 
were  used  to  reduce  the  variation  in  signal  amplitudes  caused 
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by  the  difference  in  epicentral  distances  of  the  two  arrays 
from  a  given  earthquake.  The  distance-corrected  ratio  of 
TFO  S/N  to  LASA  S/N  is  shown  in  Figure  9.  The  distance 
correction  was  not  very  effective  for  events  in  the  Hindu  Kush- 
Sinkiang  region.  TFO  lies  in  the  shadow  zone  of  the  core  for 
this  region,  while  LASA  does  not.  Averaging  over  many  source 
regions  but  excluding  the  Hindu  Kush-Sinkiang  region,  which 
is  in  the  shadow  zone  for  TFO,  and  also  excluding  all  events 
closer  than  25  degrees,  i.c.,  the  Mexican  events,  the  signal* 
to-noise  ratio  at  TFO  is  found  to  be  3.9  db  lower  on  the 
average  than  at  LASA.  Correcting  for  the  fact  that  wc  did 

not  use  the  full  TFO  array  of  37  elements  on  the  events,  and 

1/2  . 

assuming  n  improvement  in  signal-to-noisc  ratio,  yields 
an  average  increase  of  signal -to-noise  ratio  for  the  full  TFO 
array  of  2.8  db.  Thus  the  net  difference  is  1.1  db  in  favor 
of  LASA.  Clark's  (1970)  results  arc  consistent:  he  found 
that  the  LASA  Kuril  beam  was  equal  to  or  slightly  better 
than  the  TFO  Kuril  bean  in  detecting  events  lying  within  the 
TFO  and  LASA  beams'  3  db  contours. 

The  signal -to-noise  ratio  for  individual  LASA  subarray 
beams  was  plotted  for  events  in  three  regions:  the  Fox 
Islands  (Figure  10),  the  Kurils  and  Hokkaido  (Figure  11)  and 
Ncxico  (Figure  12).  For  each  of  these  regions,  the  pattern 


of  the  sutotrray  beans'  signal -to-noisc  ratio  was  siailar  for 
the  different  events  within  the  region.  The  sane  result  was 
obtained  for  three  North  Coluabian  earthquakes  by  Chiburis 
and  llartenberger  (196b).  For  events  located  in  different 
regions,  the  patterns  of  signal-to-noise  ratio  can  be  seen 
to  be  different  (Figures  10,  11  and  12).  This  siailarity 
of  subarray  aaplitude  patterns  for  events  in  the  sane  region 
and  dissiailarity  for  events  in  different  regions  was  also 
noted  by  Klappenberger  (1967a,  1967b). 

USA  and  TFO  beans  were  foraed  for  five  events  using  a 
band  pass  filter  of  0.6  to  2.0  Its  (Figure  2)  on  all  traces 
in  the  beans.  The  aaplitude  data  for  the  individual  traces 
and  the  beans  are  given  in  Table  til.  The  difference  in  the 
signal -to-noise  ratio  of  beaas  with  traces  prefiltered  by 
the  0. 6*2.0  ll:  band  pass  filter  and  the  0. 4-3.0  II:  band  pass 
filter  is  shown  in  Figure  13  for  USA  and  TFO.  The  0. 6-2.0 
II:  band  pass  filter  seeas,  in  general,  to  work  better  at 
both  USA  and  TFO  than  does  the  0. 4-3.0  II:  band  pass  filter. 
On  the  average,  USA  lap  roves  signal  0.4  db  wore  than  does 
TFO,  a  difference  which  Is  probably  less  than  the  statistical 
uncertainty. 


ANALYSIS  OF  BEAMS  FROM  A  SIMILAR  CONFIGURATION  OF 
SHORT-PERIOD  SENSORS  AT  LASA  AND  TFO 

The  first  19  short-period  sensors  of  TFO  (Z1  through  219) 
and  19  sensors  of  the  LASA  E3  subarray  were  used  to  fora  bcaas 
for  five  events.  The  19  sensors  of  E3  were  chosen  so  as  to 
approxiaatc  as  closely  as  possible  the  array  configuration 
of  the  first  19  TFO  short -period  sensors  (Figure  14).  The 
individual  traces  were  band-pass  filtered  0.4  to  S.O  Its  prior 
to  bcaa  foraation.  Aaplitude  data  for  the  Individual  traces 
and  the  bcaas  are  given  in  Table  IV.  The  acara  ras  short-period 
noise  aaplitudes,  the  noise  reduction,  and  the  iaproveaent 
in  slgaal-to-noise  ratio  of  the  beaas  for  subarray  13  and  TFO 
are  shown  in  Figures  IS,  lb,  and  I?  respectively.  The  ratio 
of  the  sigaal-to-noise  ratio  for  the  TFO  beaa  to  the  signal - 
to-noise  ratio  for  the  LASA  IS  beaa  Is  shown  in  Figure  IS. 

This  saae  ratio,  corrected  for  the  difference  In  epicentre I 
distances  to  LASA  and  to  TFO,  is  shown  la  Figure  19. 

Excluding  the  Siabiaag  eveat  ia  the  shadow  soae  for  TFO,  the 
sigaal-to-aoise  ratio  at  TFO  is  better  fhaa  that  obtaiaed 
froa  the  £S  subarray  of  LASA  for  three  of  the  four  eveats. 

This  is  expected,  slace  LASA  has  a  higher  noise  level  (Figure 
IS),  and  the  saae  auaber  of  sensors  with  alaost  the  saae 
spacing  was  used  in  the  foraation  of  both  the  LASA  and  TFO  beaas. 


ANALYSIS  OF  LASA  SLAMS  AS  A  FUNCTION 
OF  THE  NUMBER  OF  SENSORS 

To  evaluate  the  signal *to*noise  ratio  inprovenent  of 
the  LASA  array  aa  a  function  of  the  nuaber  of  sensors,  four 
different  array  configurations  vere  exanined.  Array 
configuration  I  enployed  all  sensors  in  all  subarrays. 
Configuration  II  used  all  sensors  in  subarrays  B  through  li, 
naLing  a  total  of  approsioately  200  sensors.  Configuration 
III  included  only  the  sensors  in  the  center  and  the  outer 
tun  subarray  rings  for  subarrays  B  through  0,  together  ulth 
the  center  sensor  of  subarray  A  (a  total  of  approximately 
•4  sensors).  Configuration  IV  used  the  sensors  in  the  outer 
subarray  ring,  the  center  sensor  of  subarrays  B  through  U 
ana  the  center  sensor  of  suharroy  A  (a  total  of  approainately 
4B  sensors).  The  inpreveoeat  in  signal-to-noise  ratio  of 
Les  s  for  each  array  configuration  is  given  in  Table  and 
shoun  as  a  function  of  the  nunber  of  tensors  in  Figure  20. 

The  nininun  sensor  spacing.  A,  for  the  artay  configurations 
I,  II,  and  III  Is  &>  I  La.  For  configuration  IV,  )  is. 

The  diaoeter  of  the  array  configurations  II  through  IV  uaa 
the  sane  (~S3  ha)  and  for  array  configuration  I  the  diaoeter 
uas  about  200  La. 


Froa  Figure  2(1,  the  actual  improvement  in  signal*to» 
noise  ratio  can  be  seen  to  bo  leas  than  the  theoretical 
value  of  by  7  db  for  n*!4Q  and  by  3  db  for  nMI.  As 
has  been  shown  by  previous  work  (liartenberger,  I0S7,  1911; 
liartetiberger  and  Van  host  rand,  1070),  this  difference 
between  theoretical  and  actual  inprovement  in  sigaal~to- 
noise  ratio  is  due  both  to  noise  correlation  for  soall 
sensor  spacing  and  to  signal  losses  in  the  beam forming 
process.  The  average  gain  in  the  improvement  of  signal -to* 
noise  ratio  to  be  derived  from  increasing  the  number  of 
sensors  from  4t  to  340  is  only  4  db.  liartenberger  and 
Van  Aostrand  (1070)  found  that,  by  choosing  the  sensors  so 
as  to  make  &*b  ha  for  n  *  SI,  the  beans  composed  of  only  SI 
traces  reduce  the  rns  noise  amplitude  and  improve  the  signal* 
to-noise  ratio  to  within  I  db  of  that  produced  by  S2S  sensor 
beams. 

This  small  gain  in  signal* to-noise  ratio  derived  from 
using  340  sensors,  rather  than  some  much  smaller  number 
suggests,  of  course,  that  reduction  of  the  number  of  active 
sensors  at  the  USA  army  *hmM  be  considered.  Defining 
the  efficiency  of  the  away  as  The  noise  reduction  in  db  per 
sensor,  and  assuming  n*^  reduction  in  noise,  then  the 
efficiency  h  is  given  by: 
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The  efficienc)'  is  shown  In  Figure  21  for  value**  of  n  fron  I 
to  IllOtf.  A  200-sensor  array  can  be  seen  to  be  alnost  a* 
efficient  as  a  34(1  sensor  array.  The  naaSnun  in  the  curve 
shown  in  Figure  21  occurs  at  a  value  of  n  *  e  (appro* inately 
2.711),  which  can  be  derived  by  evaluating  AL/m  *  0.  An 
additional  factor  in  any  consideration  of  USA  sensor 
reduction  is  the  signal *to*noise  ratio  of  the  individual 
subarray  bean*  to  the  epicenter  regions  of  greatest  interest. 

If  possible,  subarrays  with  high  signal *to«neise  ratio  on 
beans  pointed  to  such  regions  should  be  retained  in  the  reduced 
array. 
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CONCLUSIONS 


From  tke  analysis  of  skort -period  USA  and  TFO  bem 
for  ivtntyfour  tmti  recorded  at  both  arrays,  we  conclude: 

(1)  For  USA,  in  ike  frequency  range  0.4-3. 0  lit  ike  nean  n» 
noise  anplitude  ranges  Iron  1.0  to  2.4  nui  tke  noise  reduction 

by  bean  foiration  is  f ron  17  to  23  db,  tke  inprovenent  in 
signal -to-noise  ratio  is  13  to  10  db,  and  tke  nean  rns  noise 
anplitude  of  tke  beans  is  O.lo  n*. 

(2)  For  TFO,  in  tke  range  0. 4-3.0  Ht  tke  nean  rns  noise 
anplitude  ranges  fron  0.3  to  0.7  mi.  tke  noise  reduction  by 
beau lag  10  sensors  ii  l  to  14  db,  uitk  an  inprovenent  in 
signal -to-noise  ratio  of  4  to  13  db.  For  tke  full  TFO  array, 
tke  noise  reduction  of  tke  bean  is  II. S  to  17.7  db,  and  tke 
inprovenent  in  signs I -to-noise  ratio  is  II  to  IS.S  db.  Tke 
nean  ms  noise  anplitude  of  all  tke  TFO  beans  Is  0.13  ns. 

(3)  Ike  signal-to-noise  ratio  In  tke  range  0.4-3.0  lit 
for  tke  full  USA  bean  Is  estlnated  to  bo  l.l  db  better  tkan 
tke  roll  TFO  bean;  this  is  an  average  over  17  events  in  the 
distance  range  23*  to  90*. 

(4)  Tke  pattern  of  signal -to-noise  ratio  for  Individual 
USA  subarray  beans  is  consistent  for  any  given  source  region, 
but  varies  fron  region  to  region. 

(3)  Tke  signal-to-noise  ratio  for  a  19-sensor  bean  fron 
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the  USA  13  subarray  Is,  la  general,  le>«  tkaa  the  19-sctuor 
TFO  bcu,  due  to  the  larger  aoise  aaplitude  at  the  El  subarray. 

(a)  The  iaproveaeat  la  sigma! -to- noise  ratio  l»  increased 
I  db  by  changing  froa  4 1  to  341  season  a  ad  keep  tag  the 
aiaiaua  bet seen -sensor  spec  lag  fi»l  Mi. 
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Figure  7.  Ratio  of  the  S/N  for  the  TFO  beaa  to  the  S/K 


Figure  8.  Ratio  of  the  S/N  for  the  TFO  beam  to  the  S/N 
for  the  LASA  beam  (Band  pass  filtered  0. 4-3.0  Hz). 
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Figure  9.  Ratio  of  the  S/N  for  the  TFO  beam  to  the  S/N 
for  the  LASA  beam  corrected  for  the  difference  in  epicentral 
distances  to  LASA  and  to  TFO  (Band  pass  filtered  0. 4-3.0  Hz) 
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Figure  10.  S/N  of  LASA  subarrav  beams  for  events  in  the 
Fox  Islands  region  (Band  pass  filtered  0. 4-5.0  Hr). 
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Figure  1..  S/.M  of  IASA  jubirriy  for  ceeat*  in  the 

Meftieo  region  (luf  p***  filters  its*. 
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Figure  21.  Efficiency  of  an  array  assuming  n1//2  noise 
reduction. 


